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ABSTRACT: Simultaneous spraying of polyelectrolytes and small
multicharged molecules of opposite charges onto a vertical substrate
leads to continuous buildups of organic ﬁlms. Here, we investigate
the rules governing the buildup of two such systems: poly-
(allylamine hydrochloride)/sodium citrate (PAH/citrate) and
PAH/sulfated α-cyclodextrin (PAH/CD-S). Special attention is
paid to the ﬁlm growth rate as a function of the spraying rate ratio
of the two constituents. This parameter was varied by increasing the
spraying rate of one of the constituents while maintaining constant
that of the other. For PAH/CD-S systems, whatever the constituent
(PAH or CD-S) whose spraying rate was kept ﬁxed, the ﬁlm growth
rate ﬁrst increases and passes through a maximum before decreasing when the spraying rate of the other constituent is increased.
For PAH/citrate, the ﬁlm growth rate reaches a plateau value when the spraying rate of citrate is increased while that of PAH is
maintained constant, whereas when the spraying rate of citrate is maintained constant and that of PAH is increased, a behavior
similar to that of PAH/CD-S is observed. The composition of PAH/CD-S sprayed ﬁlms determined by X-ray photoelectron
spectroscopy is independent of the spraying rate ratio of the two constituents and corresponds to one allylamine for one sulfate
group. For PAH/citrate, by increasing the PAH/citrate spraying rate ratio, the carboxylic/nitrogen ratio in the ﬁlm increases and
tends to 1. There is thus always a deﬁcit of carboxylic groups (COO− + COOH) with respect to amines (NH2 + NH3
+). Yet, the
ratio (COO−/NH3
+) is always close to 1, ensuring exact charge compensation. The ﬁlm morphology determined by atomic force
microscopy is granular for PAH/CD-S and is smooth and liquid-like for PAH/citrate. A model based on strong (respectively
weak) interactions between PAH and CD-S (respectively citrate) is proposed to explain these features.
■ INTRODUCTION
Surface coating is a major issue in the ﬁeld of interface science.
The step-by-step deposition of polyanions and polycations onto
a substrate is one of the strategies that have been widely
exploited over the past years to obtain thin organic coatings. It
leads to the formation of so-called polyelectrolyte multilayers.
Using dipping,1−4 ﬂowing alternately polyanion, rinsing and
polycation solutions,5,6 or spin-coating,7−9 the layer-by-layer
(LbL) deposition process provides high quality coatings,
tunable at the nanometer range with controllable roughness.
Yet, this sequential process is time-consuming. During the past
decade, improvements have been made to turn the LbL method
in a more user-friendly and faster deposition process. First
introduced by Schlenoﬀ et al.10 and extended later by Izquierdo
et al.,11 the spraying process appears to be a method for rapid
LbL buildup (20−40 times faster than dipping) and has
received increasing interest over the past years.12−14 The
alternate spraying of polyanions and polycations was initially
performed on substrates that are held vertically so that drainage
removes the excess of deposited material. Between two
consecutive deposition steps, the substrate is usually rinsed
by spraying deionized water. While exploring this deposition
method, we found that the process could be made faster by
omitting the rinsing step, with the counterpart that the ﬁlms
have a slightly higher surface roughness.11 We then discovered
that the individual polyanion and polycation spraying steps can
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be rendered extremely short. This led us ultimately to propose
the simultaneously spraying of the polyanion and the
polycation solutions. By suppressing the alternation of the
two components, the time required to coat the substrate is
drastically reduced and renders the process more industrially
acceptable. Porcel et al.15 made the proof of concept on the
system poly(allylamine hydrochloride)/poly(glutamic acid)
(PAH/PGA) that led to the formation of a ﬁlm whose
thickness increased linearly with the spraying time. More
recently we proved that the simultaneous spray coating of
interacting species (SSCIS) is not restricted to polyanion/
polycation systems but can be widened to systems composed of
polyelectrolytes and small oppositely multicharged molecules.16
The process can also be applied to inorganic coatings. Although
the validation of this method is now established on ﬁrm
grounds, the rules governing this deposition method are still
widely unknown. The method is not only of interest to obtain
thin coatings; it also provides a new tool to investigate
(polyanion/polycation) or (polyelectrolyte/small oppositely
multicharged molecule) complexes. Several polyanion/polycat-
ion systems have been investigated in detail: PAH/PGA,15
PAH/PSS17 (PSS: poly(styrene sulfonate)), and polysaccharide
systems (hyaluronic acid (HA), alginate (ALG), and chon-
droitin sulfate (CS) as polyanions and chitosan (CHI) as
polycation).18 It appears that the ﬁlm thickness always increases
linearly with the cumulative spraying time and that the ﬁlm
growth rate (thickness increment per spraying time unit)
depends not only on the polyanion and polycation spraying
rates but also on the spraying rate ratio of the two components.
The polyanion (or polycation) spraying rate is deﬁned as the
number of moles of monomer units constituting the
polyelectrolyte that is sprayed per time unit, and the spraying
rate ratio of polyanion/polycation is deﬁned as the ratio of the
spraying rate of the polyanion to the spraying rate of the
polycation. Another quantity of interest is the spraying charge
ratio. It is equal to the ratio of the number of moles of negative
charges sprayed per time unit to the number of moles of
positive charges sprayed per time unit. It is then found that the
ﬁlm growth rate passes through a maximum for a polyanion/
polycation spraying rate ratio that depends on the system
studied. The spraying rate ratio leading to the maximum of ﬁlm
growth rate corresponds to a spraying charge ratio equal to 1
for the PGA/PAH system and a spraying charge ratio that lies
between 0.55 and 0.8 for the PSS/PAH system17 and between
0.6 and 1.2 for polysaccharide-based ﬁlms.18 Two diﬀerent ﬁlm
morphologies were found: PGA/PAH and CHI/HA ﬁlms
present a liquid-like appearance, and PSS/PAH, CHI/ALG, and
CHI/CS ﬁlms show a granular structure. For the PSS/PAH
system, X-ray photoelectron spectroscopy (XPS) character-
ization shows a 1:1 (styrene sulfonate/allylamine) monomer
composition whatever the polyanion/polycation spraying rate
ratio.
Nanoﬁlms built through the LbL process usually rely on the
alternation of two polyelectrolytes (a polyanion and a
polycation). The alternation of a polyelectrolyte and a low
molecular weight entity is also possible.19−22 These latter
multilayer ﬁlms are attractive candidates for the controlled
release of compounds from the ﬁlm to the environment. Design
of therapeutic implantable devices (e.g., “pharmacy-on-a-chip”)
for the future is thus expected.23 Herein, we investigate the
buildup of polyelectrolyte/small oppositely multicharged
organic molecule ﬁlms using the SSCIS process. Two systems
are studied: PAH/sodium citrate (PAH/citrate) and PAH/
sulfated α-cyclodextrin (PAH/CD-S). They are compared to
the polyelectrolyte/polyelectrolyte systems PAH/PAA (PAA:
poly(acrylic acid)) and PAH/PSS, respectively, which are
among the most investigated polyelectrolyte multilayers. As
they share PAH and very close anionic groups (carboxylate and
sulfate instead of sulfonate), PAH/citrate and PAH/CD-S can
thus be considered as model systems. We address, in particular,
the rules governing the ﬁlm growth, the inﬂuence of the
spraying charge ratio on the ﬁlm growth, the morphology, and
the composition of the ﬁlm.
■ MATERIALS AND METHODS
Materials. Poly(allylamine hydrochloride) (PAH, ∼70 and 56 kg/
mol), poly(acrylic acid) (PAA, ∼100 kg/mol, 35 wt % in water),
sulfated α-cyclodextrin sodium salt hydrate (CD-S), and sodium
citrate dehydrate (citrate) were purchased from Sigma-Aldrich and
used as received. The chemical structures are given in Scheme 1. The
silicon wafers were purchased from WaferNet, Inc. (San Jose, CA). All
the solutions were prepared with ultrapure deionized Milli-Q water
(resistivity of 18.2 MΩ cm). All aqueous solutions were adjusted at pH
7.5 using NaOH or HCl solutions unless otherwise stated.
Substrate Preparation. Two diﬀerent substrate activation
methods were used with no inﬂuence on the buildup: (1) silicon
wafers were immersed for at least 1 h successively in a mixture of
CH3OH and 36% HCl (50:50) and in concentrated H2SO4 and
followed by extensive rinsing in ultrapure deionized water; (2) after
rinsing with ethanol and with ultrapure water (Milli-Q), silicon wafers
were treated 3 min in a plasma cleaner (medium power) from Harrick
Plasma.
Scheme 1. Structures of the Compounds of the Two Systems Studied, Poly(allylamine·HCl)/Sodium Citrate (PAH/Citrate) and
Poly(allylamine·HCl)/Sulfated-Cyclodextrin (PAH/CD-S), and the System Poly(allylamine·HCl)/Poly(acrylic acid)
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Simultaneous Spray Coating of Interacting Species (SSCIS).
For the simultaneous spray coating setup, Paasche Lodel VL Double
Action airbrushes were used. Pressurized gas was supplied either by in-
house compressed air lines or nitrogen lines with overpressure ﬁxed at
2 bar. The solutions were sprayed simultaneously on the substrates
which were held vertically and in a constant vertical and horizontal
move to improve homogeneity. The ﬂow rates were ﬁxed at 13 ± 2
and 19 ± 2 mL/min for positively and negatively charged components,
respectively. The diﬀerence in the ﬂow rates was due to small
diﬀerences in the two airbrush devices. The spraying steps were
followed by a stop of 10 s and then a rinsing step of 5 s by spraying
Milli-Q water. This sequence is called a spraying sequence and is
characterized by the spraying step time which is the time over which
spraying of a polyelectrolyte takes place during the sequence. Water
(pH 5.9) with aerosol spray bottles “Air Boy” (ref: 2430) was from
Carl Roth. The rinsing of the substrates was performed in order to
remove the salt before drying. The coated substrates were then dried
in a stream of nitrogen or compressed air at 2 bar. An experiment was
constituted of diﬀerent spraying sequences. The cumulative spraying
time is deﬁned as the addition of all spraying step times used to build
the ﬁlm. The spraying rate of the components was varied by changing
their concentration in the sprayed solutions. The spraying charge ratio
is calculated by considering that PAH is totally protonated at pH 7.5.
Ellipsometry. Measurements of the ﬁlm thickness were carried out
with a PLASMOS SD 2300 ellipsometer operating at the wavelength
of 632.8 nm and a constant angle of 70°. Because of the inherent limit
of ellipsometry to simultaneously determine the refractive index and
the ﬁlm thickness for very thin ﬁlms, the refractive index of all ﬁlms
was assumed ﬁxed at n = 1.465. While this procedure leads to slightly
incorrect values of the absolute ﬁlm thicknesses, it allows for a quick
and precise determination of relative ﬁlm thicknesses. For each
substrate studied, 10 thickness measurements were taken at randomly
selected points over an area of a few cm2 on the ﬁlm surface.
X-ray Photoelectron Spectroscopy. The chemical composition
of the ﬁlms was determined by X-ray photoelectron spectroscopy
(XPS) analysis. This analysis was performed with a Gammadata
Scienta spectrometer, equipped with a monochromated Al Kα X-ray
source (1486.6 eV). It operated at 420 W under ultrahigh vacuum
(pressure lower than 1 × 10−10 mbar) and a takeoﬀ angle of 90°. The
probing depth of the technique is estimated to be 9 nm for organic
ﬁlms. For quantiﬁcation purposes, survey at a pass energy of 500 eV
and high-resolution spectra were recorded and analyzed by CasaXPS
2.3.12 software (Casa Software Ltd., Teignmouth, UK). Raw areas
determined after subtraction of a Shirley background were corrected
according to Scoﬁeld sensitivity factors (C 1s: 1.00; N 1s: 1.80; S 2p:
1.68), transmission function of the spectrometer (determined via
National Propulsion Laboratory (NPL) calibration software), and
inelastic mean free path, λ, of photoelectrons traveling in the
polyelectrolyte ﬁlm at a given energy E (λ proportional to E0.7 for
polymers).
Atomic Force Microscopy. Atomic force microscopy (AFM) was
done with a Veeco Multimode Nanoscope IIIA (Digital Instruments).
The AFM images were performed in contact mode at dry state, with
cantilevers made of silicon nitride (k = 0.6 N/m).
■ RESULTS
The buildup of PAH/citrate and PAH/CD-S ﬁlms was
performed at pH 7.5 in the absence of additional salt. We
ﬁrst checked that the simultaneous spraying of the anionic and
cationic compounds led indeed to a regular ﬁlm thickness
increase for both systems. At each spraying step, the two
components were sprayed for 5 s (unless otherwise stated)
onto a silicon substrate followed by a rinsing step. The ﬁlm was
then dried allowing thickness measurements by ellipsometry.
The ﬁlm thickness increases linearly with the cumulative
spraying time for both systems (Figure 1).
We also investigated the inﬂuence of the spraying step time
on the buildup process. In a ﬁrst approximation and within
experimental errors, this parameter does not play a role in the
thickness increase (Figures S1 and S2 in Supporting
Information). This observation is in agreement with previous
results obtained on other simultaneously sprayed polyanion/
polycation systems.15,17 Thus, in the forthcoming experiments,
we kept the spraying step time equal to 5 s.
For comparison, the buildup of PAH/citrate and PAH/CD-S
ﬁlms obtained by alternate spraying was also investigated using
a spraying time of 5 s for each constituent. First step-by-step
buildups were performed without rinsing after each deposition
but by keeping the drying step before each thickness
measurement. Then we continued the step-by-step buildup
by performing a rinsing step after each deposition but by drying
the ﬁlm after each PAH/citrate or PAH/CD-S deposition
sequence before thickness measurement. Finally, we ended the
experiment by rinsing the ﬁlm after each deposition step but
without drying it until ﬁve PAH/citrate or ﬁve PAH/CD-S
deposition sequences were performed (Figure S3). Films built
by alternated spray always grow much faster in the absence of a
rinsing step when compared to those obtained with a rinsing
step in between two deposition steps. A similar eﬀect was
observed by Izquierdo et al. for ﬁlms obtained by alternate
spraying of PSS and PAH.11 The drying step that follows the
rinsing step has no inﬂuence on the ﬁlm buildup. It is
interesting to note that at pH 5.4 Sato et al.24,25 observed an
exponential increase of the thickness of PAH/α-CD-S LbL
ﬁlms and a linear growth of PAH/β-CD-S LbL ﬁlms, both ﬁlms
obtained by dipping. It appears clearly that thicker ﬁlms can be
prepared faster by SSCIS than by alternated deposition.
Finally we also investigated the inﬂuence of the nature of the
substrate by building PAH/citrate ﬁlms by simultaneous
spraying on a silicon substrate and on a silicon substrate onto
which was ﬁrst deposited a poly(ethyleimine) (PEI) precursor
layer. This polycation is well-known to anchor on almost any
kind of substrate. The results are shown in Figure S4. One
observes that the eﬀect of the nature of the substrate on the
ﬁlm buildup is rather small. This conclusion must hold as long
as the polyelectrolyte adsorbs on the substrate. All the
Figure 1. Film thickness, measured by ellipsometry, of (▲) PAH/
citrate and (■) PAH/CD-S ﬁlms, obtained by simultaneous spraying
as a function of the cumulative spraying time. PAH, citrate, and CD-S
solutions were prepared at 0.5 mg/mL and adjusted at pH 7.5. In the
case of PAH/citrate system, the spraying rates were equal to 1.55 ×
10−3 mol/s in monomer of PAH and 1.01 × 10−3 mol/s in citrate. In
the case of the PAH/CD-S system, the spraying rates were equal to
1.48 × 10−3 mol/s in monomer of PAH and 6.01 × 10−5 mol/s in CD-
S. The data represent the mean and the standard deviation of three
independent experiments.
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forthcoming results were obtained on bare silicon substrates
without PEI.
PAH/Citrate System. Next we investigated the ﬁlm buildup
by simultaneous spraying of PAH and citrate solutions focusing
on the comparison with a polyelectrolyte/polyelectrolyte
system such as PAH/PAA. Previous studies17 about the
simultaneous spraying of polyanions and polycations revealed
that the spraying ratio between the two constituents is an
essential parameter of the process. The inﬂuence of the
spraying ratio on the PAH/citrate ﬁlm buildup was studied by
keeping the PAH (respectively citrate) spraying rate constant
and varying that of citrate (respectively PAH).
Figure 2 shows the evolution of the ﬁlm growth rate versus
the citrate/PAH spraying rate ratio. When the spraying rate of
PAH is ﬁxed and the spraying rate of citrate is varied, the ﬁlm
thickness increment ﬁrst increases quickly before reaching a
plateau (Figure 2a). For the two lower spraying rates of PAH
tested (1.4 × 10−4 and 2.9 × 10−4 mol/s), this plateau was
found close to 0.4 nm/s. For the highest PAH spraying rate, the
plateau could not be reached experimentally because it would
have required too high a citrate concentration which would
have hindered the pH adjustment to 7.5. The existence of such
a plateau contrasts with the existence of a maximum of growth
rate (optimum spraying ratio) observed for the simultaneous
spraying of polyelectrolyte/polyelectrolyte systems.17 For
comparison, the growth rate of PAH/PAA ﬁlms was studied
at the same pH by varying the PAA/PAH spraying ratio (Figure
S5). As for the already investigated polyanion/polycation
Figure 2. PAH/citrate ﬁlm growth rate, obtained by simultaneous spraying, as a function of the citrate/PAH spraying ratio (bottom x-axis) and the
citrate/PAH spraying charge ratio (top x-axis). (a) PAH spraying rate was ﬁxed at (○) 1.4 × 10−4, (■) 2.9 × 10−4, and (●) 1.3 × 10−3 mol/s, and
citrate spraying rate was varied. (b) Citrate spraying rate was ﬁxed at 1.06 × 10−6 mol/s, and PAH spraying rate was varied. The spraying charge ratio
corresponds to the ratio of the molar charge spraying rates of citrate and monomer of PAH.
Figure 3. AFM pictures showing the morphology (top) and line proﬁles (bottom) of SSCIS ﬁlms made of PAH/citrate on silicon wafers. The
images were taken in the dry state. From left to right: cumulative spraying times of 5, 15, and 25 s with a spraying step time of 5 s; spraying rates of
the compounds were of 5.07 × 10−3 mol/s for the sodium citrate and of 1.44 × 10−3 mol/s for the PAH, corresponding to a citrate/PAH spraying
ratio of 0.28. White scale bars represent 2 μm. For a proper determination of the ﬁlm thickness, height proﬁles were plotted on the scratched ﬁlm.
From left to right: the vertical distance between the two red arrows is 15, 26, and 44 nm, respectively.
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systems,17,18 the ﬁlm growth rate passes through a maximum at
a PAA/PAH spraying rate ratio of 0.64 and tends to zero at
large excess of PAA or PAH. By keeping the spraying rate of
citrate at 1.06 × 10−6 mol/s and varying that of PAH, the
growth rate passes through a maximum of 1.6 nm/s at the
citrate/PAH ratio of 2.2 (Figure 2b). For a citrate/PAH ratio
close to 5, no ﬁlm buildup occurs. There is thus a strong
dissymmetry between the inﬂuences of PAH and that of citrate
as far as the ﬁlm growth is concerned. The buildup process
seems mainly governed by the arrival of PAH onto the surface.
It is only when citrate is in large deﬁcit that the ﬁlm no longer
constructs. For a constant citrate/PAH spraying rate ratio, the
growth rate of the ﬁlms increases linearly with the PAH
spraying rate (Figure S6) as it was shown for the simultaneous
spraying of PAH and PSS.17
The evolution of the ﬁlm morphology was determined by
AFM in the dry state as a function of the cumulative spraying
time. Figure 3 shows that after 5 s of initial deposition time the
substrate is covered by small droplets. As the spraying time
increases from 15 to 25 s, a smooth ﬁlm that ultimately totally
covers the substrate forms. To determine the ﬁlm thickness
after diﬀerent cumulative spraying times, a scratch was done on
each ﬁlm. Thickness values of 15, 26, and 44 nm were
measured for respectively 5, 15, and 25 s cumulative spraying
times. The topography of the ﬁlm is liquid-like, similar to what
was observed for the simultaneous spraying of PAH and PGA15
and of CHI and HA18 systems. We compared this morphology
to that of the chemically closest polyanion/polycation system,
PAH/PAA, obtained by simultaneous spraying of the two
constituents at pH 7.5 (Figure S7). In contrast to PAH/citrate,
PAH/PAA ﬁlm presents a grainy morphology similar to that of
PSS/PAH ﬁlms.17
To determine the ﬁlm composition of the PAH/citrate ﬁlms,
XPS experiments were performed on ﬁlms obtained at diﬀerent
citrate/PAH spraying rate ratios. A typical XPS survey spectrum
exhibits the photoelectron peaks C 1s (285 eV), O 1s (533 eV),
and N 1s (400 eV) attributed to the ﬁlms and a small amount
of chlorine (Cl 2p, 200 eV), zinc (Zn 2p, 1021 eV), and silicon
(Si 2p, 100 eV) attributed to the substrate (Figure S8). The
atomic composition of PAH/citrate ﬁlms obtained at diﬀerent
citrate concentrations and ﬁxed PAH concentration is given in
Table S1. The chloride counterion originally present in PAH is
detected in very low quantity, indicating that the formation of
the ﬁlm is mainly based on the interaction between NH3
+ and
COO− groups as expected for buildups made in the absence of
added salt in the buildup solutions. The area of each XPS peak
is proportional to the number of selected atoms in the volume
probed by the technique. In order to quantify the ratio between
PAH and citrate, we have selected the area of the N 1s high
resolution spectrum as a marker of the amount of PAH and the
area of the carboxylate component (binding energy of 289.1
eV) on the C 1s high resolution spectrum as a marker of citrate.
The N 1s high resolution spectra of PAH/citrate ﬁlms clearly
exhibit two components respectively centered at 401.3 and
399.4 eV (Figure S9a). The component at 401.3 eV is
attributed to protonated amine groups NH3
+, and the
component at 399.4 eV is attributed to primary amines
NH2.
17 The C 1s high resolution spectra of sodium citrate,
PAH, and PAH/citrate ﬁlms are given in Figure 4. The peak of
the C 1s spectrum of a PAH/citrate ﬁlm is composed of ﬁve
components respectively centered at 285.0, 285.9, 286.6, 288.1,
and 289.1 eV. These components are usually attributed to CHx
(285.0 eV), C−N (285.9 eV), C−O (286.6 eV), ketones and
amides (288.1 eV), and carboxylic acids (289.1 eV). The
component centered at 288.1 eV, usually attributed to ketones
and amides, is unexpected in citrate/PAH ﬁlms. It is not
present in the spectrum of pure citrate or PAH. Interestingly,
this component is also present in the C 1s high resolution
spectra of PAH/PAA ﬁlms (Figure S10). The presence of
amide bond components on the XPS spectra could result either
from the reaction between carboxylic groups of citrate and
amine groups of PAH when the ﬁlm is exposed to ultrahigh
vacuum prior to XPS measurements or from the interaction
between carboxylate groups and protonated amines which
could induce a shift of the photoelectron peak toward a lower
binding energy in the XPS spectrum, namely from 289.1 eV
down to 288.1 eV. With this assumption, the peak at 288.1 eV
can be attributed to COO− groups in the ﬁlms. It is then
possible to calculate the ratio between the carboxylate groups
from the citrate molecules and the protonated amines of the
PAH chains.
Table 1 summarizes the corrected area of each component of
interest (COOH, COO−, NH2, NH3
+). A good correlation is
found between the area of the carboxylate component at 288.1
eV and the protonated amine component at 401.3 eV (Table 1,
(COO−)/(NH3
+) ﬁlm ratio). Within the experimental error,
the electroneutrality of the ﬁlm is fulﬁlled at each citrate/PAH
spraying rate ratio by exact compensation between the
protonated amines and the carboxylate groups. At high
citrate/PAH spraying rate ratios, the amount of ammonium
groups, NH3
+, from PAH increases in comparison to NH2
groups, indicating that most of the amine groups are
protonated and are used to ensure the construction of the ﬁlm.
Figure 4. Comparison of XPS C 1s spectra for (a) sodium citrate, (b)
PAH, and (c) PAH/citrate ﬁlms. Bold lines correspond to the
experimental measurements and the thin lines to the decomposition of
the spectra into well identiﬁed “pure” contributions (see text above).
The presence of a large amide band at 288.1 eV is characteristic of the
elaboration of polyelectrolyte ﬁlms based on poly(carboxylic acid) and
polyamine.
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We also ﬁnd that the (COO− + COOH) groups from small
citrate molecule are in deﬁcit with respect to (NH2 + NH3
+)
groups of PAH even for very high citrate/PAH spraying rate
ratios. We compared the results obtained on the citrate/PAH
ﬁlms with those on a simultaneously sprayed PAA/PAH ﬁlm
(Figure S10). XPS analysis results are given in Table S2. The
main atom assigned to the carboxylate group is located at 288.1
eV, allowing to determine that the ratio between COO− and
NH3
+ is very close to 1 (Table S2). The two polyelectrolyte
molecules have a similar molecular mass, giving the same global
quantity of (COOH and COO−) groups and (NH2 and NH3
+)
groups in the ﬁlm, whereas for the PAH/citrate systems, the
(COOH and COO−) groups of the small citrate molecule are
in deﬁcit with respect to (NH2 and NH3
+) groups even for very
high citrate spraying ratios.
We ﬁnally investigated the eﬀect of the pH of the constituent
solutions on the buildup and morphology of PAH/citrate ﬁlms.
Both citrate and PAH solutions were sprayed at the same pH
which was adjusted by addition of diluted solutions of HCl or
NaOH. For all the investigated pH values, the ﬁlms always grew
linearly with the cumulative spraying time. Figure 5 shows the
evolution of the ﬁlm growth rate as a function of pH. The
spraying was performed with the citrate/PAH spraying rate
ratio ﬁxed to 12.3. Below pH 3, no buildup takes place, and a
maximum of the growth rate is obtained at about pH 4.5. The
existence of an optimum pH is expected since the carboxylic
groups of citrate can be more or less ionized depending on the
pH. The pKa values of the carboxylic groups of citrate are 3.1,
4.7, and 6.4. Therefore, it is unexpected that the maximum of
growth rate is observed for a pH close to 4.5 where only half of
the carboxylic groups of the citrate molecule should be in the
carboxylate form. A maximum would be expected rather at
about pH 7.5 or 8 when nearly all the carboxylic groups are in
the carboxylate form, whereas the amine groups of PAH are still
positively charged. This result is not yet understood. We also
followed the evolution of the ﬁlm morphology as a function of
pH. Figure S11 shows typical morphologies obtained by AFM
in dry state for ﬁlms built at diﬀerent pH and corresponding to
35 s of cumulative spraying time. At each pH studied, the
substrate is covered by liquid-like islands. Above pH 8.5, the
size of these islands strongly decreases. By spraying during long
enough a time, the substrate becomes ﬁnally totally covered by
a PAH/citrate ﬁlm at all investigated pHs.
PAH/Sulfated α-Cyclodextrin. As for the system PAH/
citrate, we ﬁrst investigated the inﬂuence of the PAH/CD-S
spraying rate ratio on the ﬁlm buildup. The ﬁlm growth rate
passes through a maximum for an optimum value of the CD-S/
PAH spraying rate ratio of 0.04, which corresponds roughly to a
spraying charge ratio of 0.75 between sulfate and amino groups
(Figure 6).
This maximum of growth rate is obtained whatever the
constituent (PAH or CD-S) whose spraying rate is kept ﬁxed.
This behavior is similar to that observed in the case of the
simultaneous spraying of PAH and PSS and contrasts with that
of the PAH/citrate system. We have also investigated the ﬁlm
morphology through AFM. By scratching the surface, the
evolution of the ﬁlm thickness (and morphology) can be
Table 1. Areas and Area Ratios of Characteristic Peaks of PAH and Citrate Obtained by XPS for PAH/Citrate Films at Diﬀerent
Spraying Citrate/PAH Charge Ratio
XPS peak area XPS peak area ratio
spraying charge
ratio
COOH
(289.1 eV)
COO−
(288.1 eV)
NH3
+
(401.8 eV)
NH2
(400 eV)
COOH/(NH3
+ +
NH2)
COO−/
NH3
+
(COO−+COOH)/(NH3
+ +
NH2)
0.71 17 73 76 88 0.10 0.96 0.55
3.41 27 69 77 91 0.16 0.90 0.57
7.82 21 84 86 75 0.13 0.98 0.65
98.32 17 104 99 39 0.12 1.05 0.88
Figure 5. PAH/citrate ﬁlm growth rate as a function of the pH of the
sprayed PAH and citrate solutions. The spraying was performed with
sodium citrate (solution at 12 mg/mL, spraying rate of 1.92 × 10−2
mol/s) and PAH (solution at 0.5 mg/mL, spraying rate of 1.56 × 10−3
mol/s) corresponding to a sodium citrate/PAH spraying rate ratio of
12.3.
Figure 6. PAH/CD-S ﬁlm growth rate, obtained by simultaneous
spraying, as a function of the CD-S/PAH spraying ratio (bottom x-
axis) and CD-S/PAH spraying charge ratio (top x-axis) with (●) PAH
spraying rate kept constant at 1.46 × 10−3 mol/s, whereas that of CD-
S was varied, and (▲) CD-S spraying rate kept constant at 3.45 × 10−5
mol/s, whereas that of PAH was varied. The data represent the mean
and the standard deviation of three experiments.
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followed as a function of the cumulative spraying time (Figure
7).
In contrast to PAH/citrate, the ﬁlm appears granular. During
the initial deposition times, the substrate is not fully covered
but sparingly seeded by granules. As the spraying time
increases, the substrate becomes entirely covered but the ﬁlm
remains extremely rough. The morphology of this ﬁlm is close
to that observed for a PAH/PSS ﬁlm made by SSCIS.17 The
size of the grains evolves with the spraying rate ratio, passing
through a maximum at the optimum spraying rate ratio (Figure
S12). This seems to indicate that the size of the grains
constituting the ﬁlm is directly related to the ﬁlm growth rate.
The cubic geometry of the grains observed for the largest grains
(Figure S12b) is an experimental artifact due to the size of the
silicon nitrite crystals of the cantilever (Figure S13). A similar
granular morphology is observed when PAH and sulfated
cyclodextrin are sprayed alternately (Figure S14).
We also performed XPS experiments to determine the
composition of PAH/CD-S ﬁlms. The S2p peak is character-
istic of sulfated cyclodextrin, and as for the PAH/citrate
systems the N1s peak is a marker of the PAH macromolecule
(Figure S8c). The high resolution spectrum of S2p peak reveals
that it is composed of only two peaks with an area ratio of 1:2
due to respectively the spin−orbit coupling and the sulfates
(S2p
3/2 at a binding energy of 168.8 eV and S2p
1/2 at a binding
energy of 170.0 eV). For the N1s high resolution spectrum we
recover the same two peaks centered at 399.2 and 401.4 eV as
for the PAH/citrate system (Figure S9b). The corrected areas
of the peaks attributed to S and N atoms are equal within
experimental error independently of the PAH/CD-S spraying
ratio (Table 2). Cl− or Na+ ions were not detected in PAH/
CD-S ﬁlm (Figure S15). This seems to indicate that there is
exact charge compensation between the sulfate groups of the
cyclodextrins and the protonated amines from PAH. A similar
result was observed for ﬁlms obtained by simultaneous spraying
of PAH and PSS.17 Yet the high resolution spectra of N1s
reveal that the observed peak is the sum of two components:
one at 401.4 eV attributed to NH3
+ and one centered at 399.2
eV attributed to primary amines. The primary amine peak is
rather unexpected since sulfate groups are much stronger acids
than amines. We postulate that this peak originates from a
proton H+ that is shared between SO3
− and NH3
+ groups under
high vacuum. The diﬀerent peak areas do not change with the
spraying ratio. Similar components with similar amplitudes are
observed for a PSS/PAH ﬁlm obtained by simultaneous
spraying of the two constituents.17
■ DISCUSSION
We have found two diﬀerent behaviors for the buildup process
of ﬁlms obtained by simultaneous spraying of polyelectrolytes
and small multicharged molecules. For the PAH/citrate system,
the ﬁlm growth rate increases and then reaches a plateau when
the spraying rate of the polyelectrolyte is maintained constant
while the spraying rate of the small molecule is increased. A
maximum is observed when the spraying rate of the small
molecule is maintained constant and that of the polyelectrolyte
is varied. On the contrary, for the PAH/CD-S system, the
growth rate reaches a maximum for an optimum spraying ratio
of the two constituents whatever the constituent whose
spraying rate is varied. These diﬀerent behaviors can be
explained by the assumption that the interactions between CD-
S and PAH are strong whereas those between citrate and PAH
are weak. The simultaneous spraying of two solutions leads to
the formation of a thin liquid ﬁlm along the substrate. In this
Figure 7. AFM pictures showing the morphology (top) and line proﬁles (bottom) of ﬁlms obtained by simultaneous spraying of PAH and CD-S
solutions on silicon wafers. From left to right: cumulated spraying times of 5, 15, and 25 s with a spraying time step of 5 s; the spraying rates of the
compounds were of 1.44 × 10−3 mol/s for PAH and of 4.12 × 10−5 mol/s for CD-S, corresponding to a CD-S/PAH spraying ratio of 0.52. For a
proper determination of height proﬁles, i.e. ﬁlm thickness, the ﬁlms were scratched. From left to right: the vertical distance between the two red
arrows is 4, 21, and 46 nm, respectively. White scale bars represent 2 μm.
Table 2. Atomic Composition Obtained by XPS for PAH/
CD-S Films at Diﬀerent CD-S/PAH Spraying Charge Ratios
area of XPS peak area of XPS peaks ratio
spraying charge ratio S2p
3/2 NH3
+ NH2 S2p
3/2/(NH3
+ + NH2)
0.160 34 21 10 1.10
0.053 35 25 9 1.03
0.027 35 26 11 0.95
0.016 34 26 10 0.94
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liquid ﬁlm, polyelectrolyte/small multicharged molecule
complexes are formed. These complexes then diﬀuse from
the ﬁlm toward the substrate where they attach. Polyelec-
trolytes should not be fully decorated by the small multicharged
molecules to contribute to the ﬁlm growth. Full decoration
would lead to a charge reversal and suppress charge ﬂuctuations
along the chains. Yet, it is these charge ﬂuctuations that (i)
allow the formation of complexes, constituted of several
polyelectrolyte chains linked together by the small molecules,
and (ii) drive the continuous ﬁlm buildup on the substrate. The
ﬁlm is formed by nothing else than a very large polyelectrolyte/
small molecule complex.
Thus, in the case of strong interactions between polyelec-
trolytes and small molecules (case of PAH and CD-S), a
maximum of the ﬁlm growth rate is observed at a concentration
ratio in the liquid ﬁlm where polyelectrolyte chains become
only partially decorated by the small molecules during the
diﬀusion process toward the surface. Indeed, the maximum
growth rate is observed for a CD-S/PAH spraying charge ratio
which is on the order of 0.7, corresponding to a small excess of
amine groups. The PAH chains should thus be only partially
decorated with CD-S and appear as polyampholytes. Negative
(respectively positive) areas along the chains can then interact
with positive (respectively negative) areas along other chains
that belong to the ﬁlm. On the contrary, when one of the
constituents is sprayed in large excess, the polyelectrolyte
chains that reach the substrate are almost fully charged (either
positively when the polycation is sprayed in large excess or
negatively when the negative multicharged molecule is sprayed
in large excess). The polyelectrolytes can thus no longer
interact with the surface that is itself either strongly positive or
negative. Hence, at large excess of one of the two constituents,
the ﬁlm does not grow. This implies the existence of an
optimum spraying rate ratio which corresponds to a maximum
of ﬁlm growth rate.
Let us now focus on the case of small multicharged
molecules that interact weakly with the polyelectrolytes. This
is assumed to be the case for PAH and citrate. In this case when
the small molecules are sprayed in large excess with respect to
the polyelectrolyte, an equilibrium will be reached between
small molecules that are bound to the polyelectrolyte chains
and those from the solution. Charge ﬂuctuations are established
along the polyelectrolyte chains and on top of the ﬁlm
deposited on the substrate. Because of these ﬂuctuations, the
polyelectrolyte chains that reach the ﬁlm deposited on the
substrate can always interact attractively, be anchored to the
ﬁlm, and thus contribute to the buildup. Thus, a plateau should
be reached for the ﬁlm growth rate when the polyelectrolyte
spraying rate is maintained constant while increasing that of the
small molecules that eventually render the polyelectrolyte
saturated with negative charges. Moreover, it is expected that
this plateau value is proportional to the spraying rate of the
polyelectrolyte as it is observed for the PAH/citrate case
(Figure 2a). When the spraying rate of the small molecules is
maintained constant while that of the polyelectrolyte is
increased, the ﬁlm growth rate should ﬁrst increase. Yet,
when the amount of sprayed polyelectrolyte becomes too high
compared to that of the small molecules, the polyelectrolytes
become only sparingly decorated with small molecules while
reaching the surface. This should lead to a decrease of the ﬁlm
growth rate. An optimum spraying ratio should be observed as
for the case of strong interactions between small molecules and
polyelectrolytes which was indeed obtained for PAH/citrate
ﬁlms (Figure 2b). The assumptions of strong interactions
between PAH and CD-S could also explain the similarity of
granular structures of PAH/CD-S and PAH/PSS ﬁlms, whereas
weak interactions between citrate groups and PAH induce a
liquid-like structure of PAH/citrate ﬁlms. Moreover, the strong
interactions between PAH and CD-S might also explain the 1:1
sulfate/amine composition of the ﬁlms whatever the spraying
ratio of the two constituents. For the weaker interactions
between small molecules and polyelectrolytes as for PAH/
citrate, an excess of polyelectrolytes in the ﬁlm is expected, as
observed, and this excess should diminish as the citrate spraying
rate increases while the PAH one remains constant.
Simultaneous spraying of polyanions and polycations allows
building ﬁlms that have an optimum spraying ratio whatever the
constituent whose spraying rate is held constant. The same
behavior is observed for polyelectrolyte/small molecules
systems that interact strongly. This is expected since the
interactions between polyanions and polycation can be
considered as irreversible since polyanions and polycations
interact through many points. In other words, the probability of
simultaneous break of all intermolecular bonds is extremely
small.
■ CONCLUSION
In summary, we investigated the buildup of ﬁlms through a
simultaneous spraying process of a polyelectrolyte, PAH, and a
small opposite and multicharged molecule, citrate, or CD-S.
Besides the fact that both systems, citrate/PAH and PAH/CD-
S, lead to a ﬁlm growth faster than by alternated spraying,
diﬀerences were observed in the rules governing the ﬁlm
buildup and the resulting morphology. For the PAH/citrate
system, the ﬁlm growth rate increases and then reaches a
plateau when the spraying rate of the polyelectrolyte is
maintained constant while the spraying rate of the small
molecules is increased. A maximum is observed when the
spraying rate of the small molecule is maintained constant and
that of the polyelectrolyte is varied. On the contrary for the
PAH/CD-S system, the growth rate curve reaches a maximum
for an optimum spraying ratio of the two constituents whatever
the constituent whose spraying rate is varied. Furthermore, the
citrate/PAH system provides a liquid-like ﬁlm and PAH/CD-S
a granular ﬁlm. A model is proposed to explain these diﬀerences
based on the interaction between the two constituting partners:
weak in case of the citrate/PAH system and strong in case of
the PAH/CD-S system.
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